We consider a data set of DNA sequence variation at three Y chromosome genes (SMCY, DBY, and DFFRY) in a worldwide sample of human Y chromosomes. Between 53 and 70 chromosomes were fully screened for sequence variation at each locus by using the method of denaturing high-performance liquid chromatography. The sum of the lengths of the three genes is 64,120 bp. We have used these data to study the ancestral genealogy of human Y chromosomes. In particular, we focused on estimating the expected time to the most recent common ancestor and the expected ages of certain mutations with interesting geographic distributions. Although the geographic structure of the inferred haplotype tree is reminiscent of that obtained for other loci (the root is in Africa, and most of the oldest non-African lineages are Asian), the expected time to the most recent common ancestor is remarkably short, on the order of 50,000 years. Thus, although previous studies have noted that Y chromosome variation shows extreme geographic structure, we estimate that the spread of Y chromosomes out of Africa is much more recent than previously was thought. We also show that our data indicate substantial population growth in the effective number of human Y chromosomes.
O
ver the past 10 years, DNA polymorphisms have been widely used to reconstruct human evolutionary history (1) (2) (3) (4) (5) . Mitochondrial DNA originally was used for this purpose, because the high mutation rate produced numerous polymorphisms and the absence of recombination facilitated their interpretation. In male lineages, the Y chromosome shares some of these properties, namely uniparental inheritance and absence of recombination in the nonrecombining part. Until recently, studies of the Y chromosome have been hampered by the scarcity of DNA sequence polymorphisms. Studies have been limited to a few segregating nucleotide sites (6) (7) (8) (9) (10) (11) (12) or to microsatellite polymorphisms whose mutation mechanisms are not well understood (13) (14) (15) (16) .
One of the main objectives of these studies is to estimate times of evolutionary events such as major migrations (9, 17) . Vigilant et al. (1) argued that under the out-of-Africa model, the time of the most recent common ancestor (MRCA), which we write as T MRCA , is of particular interest, because it presumably precedes the departure of modern humans from Africa. Moreover, the ages of particular haplotypes or mutations have been used to estimate the ages of particular migration events (for examples, see refs. 4 and 18) .
By using a worldwide sample of 445 Y chromosomes typed at eight microsatellite loci, Pritchard et al. (15) estimated the expected time to the MRCA, denoted by E[T MRCA ], under a set of different mutation models. Their estimates ranged from 46,000 to 91,000 years B.P. under the different models, considerably less than those obtained by previous authors whose estimates were based on very small numbers of segregating sites (5-9, 19 ), but consistent with the microsatellite-based estimates of Wilson and Balding (14) . The estimates of Pritchard et al. (15) of E[T MRCA ] are also much younger than those obtained at other loci, which include 143,000 years for mtDNA (20) , 535,000 years for a noncoding region at Xq13.3 (21) , 800,000 years for ␤-globin (4), and 1,860,000 years for PDHA1 (22) .
A second objective of the studies of DNA polymorphisms is to make inferences about demographic history, including population bottlenecks and expansions (4, 15, (23) (24) (25) . The results of these studies often are conflicting, with evidence for expansions at some loci [e.g., mtDNA (24) ] but not at others [e.g., ␤-globin (4)]. In this paper, we test for evidence of growth in the effective number of Y chromosomes.
In the companion paper, Shen et al. (26) report on the use of denaturing high-performance liquid chromatography (DH-PLC) to reveal single-nucleotide polymorphisms in a worldwide sample of Y chromosomes. The sample of chromosomes analyzed in the present paper was completely screened by DHPLC † † in the regions of the three genes SMCY, DFFRY, and DBY. Shen et al. report a total of 78 polymorphisms across the three genomic regions, a much larger number than found in previous studies of Y chromosomes. For SMCY, 53 chromosomes were typed, whereas 70 were typed for the other two genes. These data are summarized in Table 1 . In addition, the same regions were sequenced in a chimpanzee and, where possible, in a gorilla, orangutan, and old-and new world monkeys. The chimpanzee sequences were used to infer the roots and the ancestral genotypes of the human Y chromosome trees.
In this paper, we use the data of Shen et al. (26) to build Y chromosome trees, to estimate E[T MRCA ] for each gene as well as all three together, and to estimate the expected times of mutations as well as the growth rate of the worldwide population represented by the sample. Our estimate of E[T MRCA ] for the sampled Y chromosomes is of the order of 59,000 years which agrees closely with the estimate of Pritchard et al. (15) from Y chromosome microsatellite polymorphisms. We also consider the geographic distribution of the observed haplotypes and estimate the expected ages of two mutations that are of particular interest.
Mutation Rate
For the ages of major events in these trees, an estimate for the mutation (single-nucleotide substitution) rate was needed. To obtain this rate, the number of substitutions was found between a chimpanzee sequence and a human sequence for the genomic The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. region in question. From this information, the mutation rates per site per year for the three genes were estimated by:
Mutation rate per site per year ϭ No. substitutions
where ᐉ is the sequence length (number of base pairs) and T split is the time in years since the human and chimpanzee split, assumed here to be 5 million years ago. The mutation rate estimates for the three genes are given in Table 1 . This method of estimation of the mutation rate assumes selective neutrality of all changes on the Y chromosome since divergence.
Geographic Structure of the Tree
The tree for the three genes combined shown in Fig. 1 reveals considerable geographic structure. Most of the shared haplotypes are within geographic groups, as seen previously with Y chromosome microsatellites (13, 15) . Furthermore, presence or absence of certain mutations is strongly correlated with geography.
In the tree of Fig. 1 , the chromosomes that branch into the tree at the deepest points are African. Mutation 1 defines a clade, separate from the deep African lineages. Within this clade, a younger clade, consisting of 21 lineages of which only one is African, is defined by mutation 2. Eight of the 11 lineages that are not in this younger clade are African. Consequently, the tree is fairly consistent with the hypothesis developed from mtDNA (1) that the genetic diversity seen outside Africa is derived from a small number of African ancestors. It is interesting that the four deepest non-African lineages consist of three Asians and one Oceanian. A similar pattern of archaic African and Asian lineages was observed by Harding et al. (4) at the ␤-globin locus. However, as we shall show, the ages of the oldest Y chromosome clades are far younger than in that study.
It is of interest to estimate the expected age of mutation 1, which presumably preceded any movement out of Africa, and of 2, which would have been present in any hypothetical bottleneck before the global expansion.
Analysis Using GENETREE
GENETREE is a program written by R. C. Griffiths that estimates the probability of obtaining a given set of sequences from a sample of individuals randomly chosen from a large population. The method requires the input of ϭ 2N e and other parameters, such as the population growth rate. N e is defined as the effective number of Y chromosomes in the population and as the mutation rate per gene per generation. By varying until the probability of the data is maximized for a given data set, it is possible to obtain , the maximum likelihood estimate of .
The main applications of the program are to estimate and N e as well as the expected ages of mutations and the expected time since the MRCA (E[T MRCA ]). The theory behind GENETREE, developed by Griffiths and Tavaré (27) , utilizes an importance sampling approach to estimate the above-mentioned probability. The program itself can be downloaded from www.stats.ox. ac.uk͞Ϸstephens͞group͞software.html.
The assumptions made for this methodology include the coalescent process (28, 29) and an infinitely-many-sites mutation model (30) . The infinitely-many-sites mutation model assumes that the mutation rate is low enough that each mutation occurs at a new site.
Analyses of the Y chromosome samples were carried out by using GENETREE. Four insertions, three deletions, and two repeat mutations were omitted from the analyses, as they mutate at different rates from single-nucleotide substitutions. Of all of the segregating sites, only one (in SMCY) appeared to have mutated more than once. Thus, except for this site, the data appear to fit the infinitelymany-sites model. Rather than removing the offending site, it was included in the analysis as two segregating sites. There were a total of 47 polymorphic sites at SMCY, 17 at DFFRY, and 14 at DBY. Forty-three individuals were sequenced for all three genes, resulting in 65 polymorphic sites.
Each simulation run carried out by GENETREE produces a possible ordering of coalescent and mutation events for a given data set. Because the distributions of the times between coalescent and mutation events are known, it is possible to simulate the age of pertinent mutations and of the MRCA of the tree for a given run. These simulated ages then are weighted by the probability of that run. An estimate of the expected age in For each gene, we give the total number of polymorphisms and, in parentheses, the number of polymorphisms after the removal of length variants, repeat sequences, and indels.
Fig. 1.
A rendition of the three gene trees, where the mutations (56 single-nucleotide substitutions) are represented by circles, and those mutations that distinguish important geographic clades are numbered 1 and 2 (see Geographic Structure of the Tree).
question is obtained from the weighted average of the simulated ages over a large number of independent runs. This estimate is denoted by E[T MRCA ].
Constant Population Size Model
The maximum likelihood estimates of were found for the three genes, under the assumption of a constant population size over time. From the formula ϭ 2N e and the mutation rates shown in Table 1 , the effective population size, N e , was estimated. To convert into a rate per gene per generation, it was assumed that the generation length of humans has been 25 years.
[Note that this value is slightly less than the 27 years suggested by Weiss (31) .] The estimates are presented in Table 2 . The distribution of is asymptotically normal. Because this distribution is proportional to the likelihood curve, these curves were generated by using an error function to join points from GENETREE.
By using as the input for GENETREE, the expected ages of the MRCA (E[T MRCA ]) for the three samples were estimated. It is possible to use GENETREE to compute the sample distribution of T MRCA . This distribution assumes that and other parameters are already known and, hence, does not represent the uncertainty that the lack of knowledge about these parameters creates. To include this uncertainty, prior distributions could be placed on the parameters. This facility is not yet available in GENETREE. Ninety-five percent probability intervals for E[T MRCA ] were estimated by using the probability intervals for . This method used the Taylor expansion, as would be required for the delta method of approximating Var[T MRCA ].
GENETREE estimates the ages in units of N e generations. To obtain the estimates in terms of years, these values were multiplied by the generation time of humans (25 years) and the effective population size. The resulting probability intervals are reported in Table 3 .
Exponential Growth Model
Several estimators of have been suggested for the neutral, constant-sized, random-mating population model. These include estimators based on the number of segregating sites (30) , the average number of pairwise differences (32) , and the maximum likelihood estimator based on the full data (computed here with GENETREE) . When the population model is correct, these estimators should produce similar estimates of .
We estimate at SMCY as 16.0, 9.0, and 2.87, by using the maximum likelihood estimate, the number of segregating sites, and the number of pairwise differences, respectively. At DFFRY, the estimates are 4.0, 2.5, and 0.68; and at DBY, the estimates are 4.0, 3.1, and 1.19. For the three genes combined, the corresponding estimates of are 24, 12.9, and 4.73. Although these estimates have large variances, the disparity among them suggests that the data may not be drawn from the assumed population model. As a simple test of the model, we can make use of Tajima's D. Tajima (33) suggested using the difference between estimates based on k and S as a test of neutrality. The values of Tajima's test statistic, D, are Ϫ2.31, Ϫ2.04, and Ϫ1.79 for the SMCY, DBY, and DFFRY genes, respectively. These statistics are all significant at the 5% level. The value of Tajima's D for the combination is Ϫ2.25, also significant at the 5% level. Negative values of D can indicate selection, but also population growth or population subdivision.
We also have computed Tajima's D within continents for the 43 chromosomes for which all three genes were typed, to account for the effect of population subdivision. D was significant at the 5% level in Asia and close to the 5% cutoff in Africa (despite the small sample size of just 18 chromosomes).
It is possible to incorporate a model of exponential population growth into the analysis conducted by GENETREE. The population size is modeled by:
where N 0 is the present-day effective population, N(t) is the effective population size t generations in the past, and ␤͞N 0 is the exponential growth rate per generation. For the theory behind the inclusion of a varying population size into a coalescent model, see Slatkin and Hudson (23) and Griffiths and Tavaré (34) . The inclusion of exponential population growth into the model results in a model with two parameters (, ␤). Table 4 reports the maximum likelihood estimates (, ␤) for (, ␤). These values were obtained by estimating the likelihood for a large number of (, ␤) pairs with GENETREE. The estimate of N 0 derived from (, ␤) also is reported in Table 4 , as well as the growth rate per generation. By obtaining the probability of the data for various pairs of values of and ␤ around and ␤, and by applying an error function between points, likelihood surfaces were estimated. Probability intervals were estimated from these likelihood surfaces, taking into account uncertainty in and ␤. These intervals were obtained from the approximate area underneath a curve that follows for a given ␤.
A cubic spline was fitted between points to estimate surfaces for E[T MRCA ] over a range of and ␤ values. These surfaces are presented in Fig. 3 . Table 5 gives the mean and 95% probability intervals for E[T MRCA ], which were obtained according to the methods described above for the constant population case but using the two dimensions and ␤.
Estimating the Expected Age of Mutations
As stated in Geographic Structure of the Tree, it is likely that migration first occurred from Africa at some time between the occurrences of mutations 1 and 2 on the tree of Fig. 1 . The expected times at which these mutations occurred were estimated by using GENETREE, with the inclusion of a model of population growth. We used the symbol T m to indicate these expectations with T m as their estimates. They also were estimated by using the number of segregating sites, S, that were found within the B sequences that contained the mutation in question. The theory behind this estimation uses the age of a mutation given its frequency within a random sample (35) and a rejection technique similar to the one described by Tavaré et al. (19) . The theory can be found in Griffiths and Tavaré (R. C. Griffiths and S. Tavaré, unpublished work) and is written up in Thomson (36) .
Both estimates are given in Table 6 . Probability intervals were found from the likelihood surfaces used in the estimation of and ␤ as shown in Fig. 3 . These results indicate that male movement out of Africa first occurred around 47,000 years ago. The age of mutation 2, at around 40,000 years ago, represents an estimate of the time of the beginning of global expansion.
A Simple Estimate of the Time Since the MRCA
The time estimates given above are based on a specific population model and use all of the information in the data. Although these estimates make full use of the data, they are not necessarily robust to departures from the model. As a simple alternative, to complement our model-based estimates, we suggest the following estimator, which does not assume a specific population genetic model.
Let T be the time since the MRCA. Also, let x i be the number of mutational differences between the ith sequence and the present day effective population size, N0, and maximum likelihood estimates of the population growth rate, ␤ and , with central 95% probability intervals for each is the rate for the entire gene. ␤ ͞N 0 is the estimated growth rate per generation. The 95% central probability intervals for ␤ and are (␤1, ␤2) and (1, 2) respectively.
MRCA. The distribution of x i is Poisson with mean T. Then an estimator of the time to the MRCA is
where n is the total number of sequences in the sample. Under the infinitely-many-sites assumption (so that the tree can be determined unambiguously), T is an unbiased estimator of T. However, the observations of x i are correlated among lineages, so it is not straightforward to estimate the variance of T. To get an upper bound on the variance, notice that Var(T) will be less than (probably much less than!) the variance of the estimate that we would obtain by picking a random sequence and simply using that sequence to estimate T (i.e., drawing i at random from {1, . . . , n} and setting T* ϭ x i ͞). We can get an upper bound on the variance by noting that Var(T) Ͻ Var(T*) ϭ T͞. Then, because we don't know T, we might estimate the variance and SE of T by (T͞) and (T͞) 1/2 , respectively, noting that these values will usually be overestimates.
The ages of the MRCAs of the three Y chromosome genes and their SEs were estimated by using this method; the results are presented in Table 7 .
Conclusions
Our estimate for the expected age of the Y chromosome root of human males was substantially smaller than has been found in previous studies using sequence data. A major difference between this study and previous studies is the greater size of the sample and the length of sequence examined. Previous studies that used much smaller data sets have reported an age that is much greater. With a smaller data set, the resulting age estimates were more influenced by the coalescent model than by the data themselves.
Another difference between this study and most previous studies is that we have included variable population size. Under a model of exponential population growth, the age of the MRCA is expected to be substantially smaller than that for the constant population model. However, this is not the only cause of the lower age estimates in this study, because our age estimates under a constant population model are also smaller than those found in previous studies.
The age estimates of this study were very close to the estimates found recently in a study of the human Y chromosome using microsatellites (15) . That study used a population size model that was exponential in the recent past and constant in the distant past.
Under a neutral, constant-sized population model, the expected time to the Y chromosome common ancestor is a quarter of that for autosomal regions. In view of recent results for autosomal genes, it seems that this simple-minded prediction may be roughly accurate (4). However, as found previously using microsatellites, the current data are not consistent with a neutral constant-sized population model (recall the strongly significant Tajima test result). In view of the fact that for much of the last 50,000 years humans have been widely dispersed around the globe, with rapid population growth for a significant fraction of that time, it is striking that the estimated time to the MRCA is so short. From the Y chromosome, one would conclude that the ancestral population size 50,000 years ago was very small indeed. Yet this view is at odds with the results from other loci such as ␤-globin, which have very ancient MRCA times.
One solution to this apparent discrepancy is the possibility that the Y chromosome is subject to fairly strong selection, either in the form of positive selection for advantageous mutations (hitchhiking) or negative selection against mildly deleterious mutations (background selection). The possible role of selection seems quite plausible in the light of results from Drosophila [reviewed by Pritchard et al. (15) ].
In this study, we found evidence for growth in the effective number of Y chromosomes, as observed previously for mtDNA (24) . However, evidence for population growth has been absent at autosomal loci, such as ␤-globin (4) and PDHA1 (22) . It is possible that this discrepancy reflects recent population growth from a population of fixed size [cf. Pritchard et al. (15) ]. The much deeper ancestral trees of autosomal loci such as ␤-globin and PDHA1 would be affected less by recent population growth than would the relatively short genealogies of the Y chromosome and mtDNA.
The Y chromosome tree ( Fig. 1 ) reveals substantial continental structure in the data, with the older clade primarily representing Africa and the younger representing non-African populations. Previous studies of Y chromosome microsatellite polymorphisms (13) also revealed substantial continental structure. It is remarkable that although the sequence data for The 95% central probability intervals (T1g, T2g) and (T1y, T2y) are for time in units of N0 generations and years, respectively, using 25 years per generation. B is the number of individuals found in the sample that contained the mutation in question, and S is the number of segregating sites found within those individuals. The 95% probability intervals are obtained by using likelihood surfaces found in Fig. 3 .
